We identified a mechanism whereby retina regeneration in the embryonic chick can be induced by the contribution of stem/ progenitor cells. We show that bone morphogenetic protein (BMP) signaling is sufficient and necessary to induce retina regeneration and that its action can be divided into two phases. By 3 days after postretinectomy (d PR), the BMP pathway directs proliferation and regeneration through the activation of Smad (canonical BMP pathway) and the up-regulation of FGF signaling by the MAPK pathway. By 7d PR, it induces apoptosis by activating p38 (a noncanonical BMP pathway) and down-regulating FGF signaling (by both MAPK and AKT pathways). Apoptosis at this later stage can be prevented, and BMP-induced regeneration can be further induced by inhibition of p38. These results unravel a mechanism for stem/ progenitor cell-mediated retina regeneration, where BMP activation establishes a cross-talk with the FGF pathway and selectively activates the canonical and noncanonical BMP pathways. Retina stem/progenitor cells exist in other species, including humans. Thus, our findings provide insights on how retinal stem cells can be activated for possible regenerative therapies.
We identified a mechanism whereby retina regeneration in the embryonic chick can be induced by the contribution of stem/ progenitor cells. We show that bone morphogenetic protein (BMP) signaling is sufficient and necessary to induce retina regeneration and that its action can be divided into two phases. By 3 days after postretinectomy (d PR), the BMP pathway directs proliferation and regeneration through the activation of Smad (canonical BMP pathway) and the up-regulation of FGF signaling by the MAPK pathway. By 7d PR, it induces apoptosis by activating p38 (a noncanonical BMP pathway) and down-regulating FGF signaling (by both MAPK and AKT pathways). Apoptosis at this later stage can be prevented, and BMP-induced regeneration can be further induced by inhibition of p38. These results unravel a mechanism for stem/ progenitor cell-mediated retina regeneration, where BMP activation establishes a cross-talk with the FGF pathway and selectively activates the canonical and noncanonical BMP pathways. Retina stem/progenitor cells exist in other species, including humans. Thus, our findings provide insights on how retinal stem cells can be activated for possible regenerative therapies.
p38 ͉ FGF B one morphogenetic proteins (BMPs) are secreted signaling proteins that elicit their effect by binding to a heterodimer receptor complex composed of a BMP type I receptor (BMPRIA or BMPRIB) and a BMP type II receptor (BMPRII) (1) . The BMP pathway can activate the canonical downstream effector, Smad, or a noncanonical downstream effector, transforming growth factor-␤-activated kinase (TAK1) (1) . Several endogenous inhibitors, including noggin, chordin, follistatin, and gremlin, can regulate the ability of BMP to activate these pathways (2) .
In the developing retina, BMP2, BMP4, and BMP7, as well as the BMP receptors, are expressed in the chick (3) and mouse (4) (5) (6) and have been found to play a role in establishing the dorsal/ventral patterning of the retina. They also regulate the differentiation and survival of retinal neurons (7) (8) (9) (10) (11) . Because of the BMP pathway's importance during retina development and in stem cell biology, we wanted to examine its role in inducing and regulating retina regeneration.
A population of retinal stem cells is maintained after retinal development in the anterior margin of the eye in many vertebrates, including humans (12, 13) . In most vertebrates, these retinal stem cells remain quiescent and do not respond to injury. However, cells in the anterior margin of the embryonic chick eye respond to injury during a limited time of retina development, providing an opportunity to study the induction process of these stem/progenitor cells (13) (14) (15) .
The embryonic chick has been shown to regenerate a complete retina in Ϸ7 days as long as a retinectomy is performed on or around embryonic day 4 (E4) and a source of FGF is added (14, 16, 17) . In the presence of ectopic FGF2, regeneration takes place by transdifferentiation of the retinal pigmented epithelium (RPE) and the activation of retinal stem/progenitor cells (RS/ RPCs) present in the anterior region of the eye known as the ciliary margin (CM), which ultimately houses the ciliary body and ciliary marginal zone (14, 16) .
Here we report that BMP signaling regulates the FGF pathway and is capable of inducing retina regeneration from RS/RPCs present in the anterior region of the chick eye in the absence of ectopic FGF. Further detailed analysis revealed that the BMP pathway induces proliferation early in regeneration and apoptosis late in regeneration through an intricate cross-talk with the FGF signaling pathway and by selectively turning on the canonical/noncanonical BMP pathways.
Results and Discussion
Molecules from the BMP Pathway Are Expressed in Chick Eyes at E4 and During Retina Regeneration. We performed in situ hybridization to determine whether BMP4, BMPRIA, BMPRII, and noggin were expressed at E4, the stage at which retinectomies were performed for the regeneration studies. Because BMP4 is expressed in the dorsal anterior retina at E3, whereas BMP5, BMP6, and BMP7 are only expressed in the developing RPE or optic stalk (3), we concentrated on the expression of BMP4 at E4. BMP4 was expressed at E4 in the dorsal anterior retina, with expression emerging in the posterior and ventral anterior retina as well [ Fig. 1 A and B and supporting information (SI) Fig. 7] . BMPRIA, BMPRII, and noggin also were expressed uniformly throughout the retina at E4 (SI Fig. 7) .
To determine how the expression pattern of these BMP molecules changes in response to retinectomy and induction of regeneration, we removed the retina at E4 and induced regeneration with FGF2. We collected embryos and performed in situ hybridization at 3, 5, and 7 days postretinectomy (d PR). A summary comparing the expression of the BMP molecules through regeneration and equivalent developmental stages is shown in Fig. 1 . The in situ hybridization results during development and regeneration are shown in SI Figs. 7 and 8. Members of the BMP pathway are endogenously expressed during development at the time of retinectomy (E4), and their expression pattern changes from their normal developmental pattern during the regeneration process (compare E7, E9, and E11 to 3d PR, 5d PR, and 7d PR, respectively). The observation that noggin is expressed at E4, but is down-regulated through the initial stages of regeneration (3d PR), suggested that endogenous BMP activity was necessary for the regeneration induced by FGF2. To determine the effect of manipulating the BMP pathway during regeneration, we performed retinectomies at E4 and injected RCAS BMPRIA (a constitutively active form of this receptor) or RCAS noggin in the presence or absence of FGF2. The efficiency of the viral infections is shown in SI Fig. 9 . The amount of regeneration in each treated eye was compared with eyes treated with FGF2 alone (Fig. 2 A and B) . Analysis at 3d PR revealed that RCAS BMPRIA was able to induce retina regeneration in the absence or presence of ectopic FGF2 ( Fig. 2 C and E). The area of regeneration was quantified by using ImagePro software, confirming that there was no significant difference in the amount of regeneration seen in eyes treated with FGF2 (n ϭ 8), RCAS BMPRIA (n ϭ 8), or RCAS BMPRIA ϩ FGF2 (n 18) at 3d PR (Fig. 2 K) . However, treatment with RCAS BMPRIA ϩ PD173074, an inhibitor of the FGF pathway, resulted in no regeneration at 3d PR, indicating that a functional FGF pathway is necessary for BMP-induced regeneration (P Ͻ 0.0001) (n ϭ 4) ( Fig. 2 G and K) . Inhibition of the endogenous BMP pathway with RCAS noggin resulted in a significant decrease in regeneration even in the presence of ectopic FGF2 at 3d PR (P Ͻ 0.05) (n ϭ 11) (Fig. 2 H and K) , demonstrating that the endogenous BMP pathway is necessary for the induction of regeneration by FGF2. No regeneration was seen in eyes treated with RCAS noggin alone or with RCAS GFP (data not shown).
At 7d PR, eyes treated with FGF2 regenerated retina from RS/RPCs present in both the dorsal and ventral CM, resulting in two loops of regenerated retina (n ϭ 10) (Fig. 2B) . However, eyes treated with RCAS BMPRIA only had a small loop of regenerated retina at this stage (Fig. 2D ) in 33% of chick embryos analyzed and had no regenerated retina in the remaining 67% (n ϭ 12) (data not shown), in strong contrast to what was observed at 3d PR. This treatment resulted in a significant decrease in the area of regeneration, compared with eyes treated with FGF2 at 7d PR (P Ͻ 0.005) (Fig. 2K) . Despite the decrease in regeneration, immunohistochemical analysis revealed that all retinal cell types were formed in these eyes, as occurs in eyes treated with FGF2 (SI Fig. 10) .
However, infection with RCAS BMPRIA in the presence of FGF2 resulted in a significant increase in retina regeneration from the RS/RPCs at 7d PR, compared with eyes treated with FGF2 alone (P Ͻ 0.005) (n ϭ 9) ( Fig. 2 F and K) . A large retinal loop originating from the CM and extra retinal loops at the anterior region were present. Occasionally, the two loops of regenerated retina meet and form one loop in FGF2-treated eyes, but extra retinal loops have not been observed in the anterior region under such conditions. All retinal cell types also formed in these eyes, with a significant increase in the number of ganglion cells and the cells of the inner nuclear layer, compared with the number formed in eyes treated with FGF2 only (SI Fig. 10 ).
Inhibiting the BMP pathway with RCAS noggin significantly reduced retina regeneration from RS/RPCs in the CM at 7d PR even in the presence of ectopic FGF2 (P Ͻ 0.001) (Fig. 2K ). In 23% of the eyes treated with RCAS noggin ϩ FGF2, there were small loops of regenerated retina ( Fig. 2I ) and no evidence of retina regeneration in the remaining 77% (n ϭ 26) (Fig. 2 J) . Only photoreceptors and Müller glia formed in the treated eyes that had some regeneration, demonstrating the importance of the BMP pathway in differentiation (SI Fig. 10 ). BMPs have been shown to play a role in the differentiation of the retina during development (9, 11) . Thus, a role for the BMP pathway in retinal cell differentiation during retina regeneration is not surprising.
In summary, this histological analysis shows that the BMP and FGF pathways are both necessary for retina regeneration to take place. Ectopic activation of either pathway induced RS/RPCs to regenerate retina only if the other pathway was functional. However, the maintenance of the regenerated retina appears to depend on the presence of FGF2 because the retina is not maintained through 7d PR in eyes treated with RCAS BMPRIA. Therefore, we designed experiments to determine the role of the BMP pathway in the induction and maintenance of regeneration.
BMP Regulates Proliferation, Apoptosis, and Progenitor Cell Number in a Stage-Specific Manner. The difference in retina regeneration and the resulting differentiation from the RS/RPCs at 7d PR in each set of treated eyes described earlier could be explained by a change in proliferation, cell survival, and/or the regulation of the retinal progenitor cells. To determine whether BMP played a role in the proliferation of retinal progenitor cells, we analyzed eyes undergoing retina regeneration that received one of the previously mentioned treatments along with BrdU 1 h before collection to identify the number of cells that had entered the S phase during this time period. TUNEL analysis was performed to determine the level of cell death. BrdU ϩ cells or TUNEL ϩ cells were counted in six random sections from three different eyes in the anterior region of the regenerating retina, which included the CM as well as Ϸ 7,000 m 2 of the regenerated retina (RR).
Retinal progenitor cells express both Pax-6 and Chx-10 (18). Therefore, we performed double-labeling immunohistochemistry and counted the number of retinal progenitor cells in the CM separately from the number of progenitors in the RR in each set of the treated eyes. (Fig. 2 L and M) . Proliferating cells also were present in the anterior margin of these eyes, but few apoptotic cells were observed ( Fig. 3 A and C) . The number of progenitors in the CM in eyes treated with RCAS BMPRIA was not significantly different from that in the CM of FGF2-treated eyes (Fig. 2L ), but there were significantly less progenitors in the RR in these treated eyes, compared with eyes treated with FGF2 alone (P Ͻ 0.05) (Fig. 2M) . Also, the number of proliferating or apoptotic cells was not different from the number found in eyes treated with FGF2 (Fig. 3 E, G, Q, and R) . This finding suggests that it is possible that BMP signaling increases the rate of differentiation of the retinal progenitors because the number of progenitors is decreased in the RR, but not in the CM, and proliferation and apoptosis are not affected.
Retinal progenitors were distributed uniformly throughout the CM and RR in eyes treated with RCAS BMPRIA ϩ FGF2 at 3d PR, but with a significant increase in number, compared with eyes treated with FGF2 alone (P Ͻ 0.05 for CM; P Ͻ 0.005 for RR) (Fig. 2 L and M) . There also was a corresponding increase in the number of proliferating cells, compared with eyes treated with FGF2 (P Ͻ 0.01) (Fig. 3 I and Q) , but no change in the level of cell death (Fig. 3 K and R) . In contrast, there were significantly fewer progenitor cells in both the CM and RR in eyes treated with RCAS noggin ϩ FGF2 at 3d PR (P Ͻ 0.005 for CM; P Ͻ 0.05 for RR) (Fig. 2 L and M) , with significantly less proliferation compared with eyes treated with FGF2 (P Ͻ 0.0005) (Fig. 3 M and Q) . Despite the decrease in progenitors in these treated eyes, there was not an increase in apoptosis (Fig.  3 O and R) .
Therefore, at 3d PR, RCAS BMPRIA induces proliferation of retinal progenitors without affecting the level of cell death. The presence of ectopic FGF2 enhances the effects of RCAS BM-PRIA. FGF2 cannot induce proliferation without a functional BMP pathway as shown by the significant decrease in proliferation in eyes treated with RCAS noggin ϩ FGF2, which most likely accounts for the decrease in regeneration seen in these treated eyes.
At 7d PR, retinal progenitor cells were primarily localized to the CM (Fig. 2 L and M and Fig. 10 U-X) when the eyes were treated with either FGF2 or RCAS BMPRIA, and there was no significant difference in the number of retinal progenitor cells maintained or the number of proliferating cells in each of these groups of treated eyes (Figs. 2 L and M and 3 B, F, and Q) . Interestingly, there was a significant increase in the number of apoptotic cells in eyes treated with RCAS BMPRIA, compared with eyes treated with FGF2 at this stage (P Ͻ 0.05) (Fig. 3 D,  H, and R) . Treatment with RCAS BMPRIA ϩ FGF2 caused a significant expansion of the retinal progenitor cells, resulting in a significant increase in the number of progenitors present in both the CM and RR (P Ͻ 0.005 for the CM; P Ͻ 0.001 for the RR) (Fig. 2 L and M and SI Fig. 10W ). There was no significant increase in proliferation, compared with eyes treated with FGF2. However, there was a significant increase in apoptosis, as occurred in eyes treated with RCAS BMPRIA (P Ͻ 0.05) (Fig.  3 J, L, Q, and R) . Inhibiting the BMP pathway in the presence of FGF2 caused a significant reduction in the maintenance of retinal progenitor cells, as indicated by the loss of Pax-6/Chx-10 ϩ cells in eyes treated with RCAS noggin ϩ FGF2 (P Ͻ 0.005 for both the CM and RR) (Fig. 2 L and M and SI Fig. 10X ). The cells in the anterior region of the eyes treated with RCAS noggin ϩ FGF2 were not proliferating or undergoing apoptosis (P Ͻ 0.0001 for BrdU ϩ cells; P Ͻ 0.05 for TUNEL ϩ cells, compared with FGF2 treated eyes) (Fig. 3 N and P-R) . Therefore, at 7d PR, RCAS BMPRIA induces apoptosis, but it does not increase the level of proliferation above what is seen in eyes treated with FGF2, suggesting that proliferation at this stage is regulated by a separate pathway. The presence of ectopic FGF2 does not interfere with the ability of RCAS BMPRIA to induce apoptosis at this stage.
The amount of retina regeneration seen at 7d PR in eyes treated with RCAS BMPRIA ϩ FGF2 would seem to contradict the increase in apoptosis observed in these eyes. We postulate that the increase in regeneration observed is a result of the increase in proliferating progenitors in these eyes at 3d PR. By 7d PR, proliferation in the RR has decreased and apoptosis has increased, suggesting that, although the retina is still present, it is beginning to degenerate.
Alternatively, because there is an increase in the number of cells in eyes treated with RCAS BMPRIA ϩ FGF2, the increase in apoptosis in these eyes also could be because of the retina attempting to regulate the increase in the number of cells induced by the treatment and not directly a result of the presence of constitutive BMP signaling. To test this theory, we injected RCAS BMPRIA into developing eyes from E6-E11 and found there is an increase in apoptosis, although there is not a corresponding increase in cells entering the cell cycle (SI Fig.  11 ). This result would argue that BMP is directly involved in inducing the apoptotic pathway at later stages. Moreover, BMPs have been shown to induce apoptosis in the developing retina (10, 19) , further supporting our results.
BMPRIA Activates Smad at 3d PR and p38 at 7d PR During Retina
Regeneration. Because RCAS BMPRIA appears to be inducing proliferation during the early stages of regeneration and apoptosis during the late stages of regeneration, we wanted to determine what downstream effectors were activated in each treatment group during each stage of retina regeneration. Smad and p38 can both be activated by BMPRIA as a result of BMP binding (2) . Thus, we performed immunohistochemistry on eyes undergoing retina regeneration in the presence of FGF2, RCAS BMPRIA, RCAS BMPRIA ϩ FGF2, and RCAS Noggin ϩ FGF2 to determine the presence of phospho-Smad (pSmad) and phospho-p38 (p-p38) at 3d PR and 7d PR in the CM.
In the presence of FGF2 or RCAS Noggin ϩ FGF2, pSmad was only present in a few cells at 3d PR and 7d PR (5 Ϯ 2 cells for FGF2 at 3d PR; 7 Ϯ 3 cells for RCAS Noggin ϩ FGF2 at 3d PR; 7 Ϯ 1 cells for FGF2 at 7d PR; 3 Ϯ 2 cells for RCAS Noggin ϩ FGF2 at 7d PR) (Fig. 4A) . However there was a significant increase in the number of pSmad ϩ cells in the presence of RCAS BMPRIA, but only at 3d PR (Fig. 4A) . In eyes treated with RCAS BMPRIA, there were 32 Ϯ 13 immunopositive cells (P Ͻ 0.05, compared with eyes treated with FGF2) at 3d PR, but only 4 Ϯ 3 immunopositive cells at 7d PR. Likewise, eyes treated with RCAS BMPRIA ϩ FGF2 showed 21 Ϯ 5 immunopositive cells (P Ͻ 0.001, compared with eyes treated with FGF2 only) at 3d PR, but only 5 Ϯ 2 immunopositive cells at 7d PR.
There was a relatively low number of p-p38 ϩ cells in all treated eyes at 3d PR in the CM (15 Ϯ 3 cells for FGF2-treated eyes; 8 Ϯ 7 cells for eyes treated with RCAS BMPRIA; 7 Ϯ 6 cells for RCAS BMPRIA ϩ FGF2; 14 Ϯ 3 cells for RCAS noggin ϩ FGF2) (Fig. 4A) . At 7d PR, however, there was a significant increase in p-p38-immunopositive cells in the CM of eyes treated with RCAS BMPRIA (38 Ϯ 8; P Ͻ 0.005) and RCAS BMPRIA ϩ FGF2 (33 Ϯ 6; P Ͻ 0.001), compared with eyes treated with FGF2 (3 Ϯ 2) (Fig. 4A) .
The downstream effector of the BMP pathway activated by RCAS BMPRIA depended on the stage of regeneration. RCAS BMPRIA activated Smad during the early stages of regeneration and activated p38 during the late stages of regeneration, presumably inducing the proliferation and apoptosis observed, respectively, during these stages. We also found that RCAS BMPRIA activated Smad and induced cell-cycle entry when injected into developing eyes from E2.5-E4 and activated p38 and induced apoptosis when injected between E6-E11, corroborating the context-dependent activation of Smad and p38 (SI Fig. 11) .
It has been postulated that BMPs regulate the distinct processes of proliferation and apoptosis in a context-dependent manner during retina development as well. For example, during chick eye development, inhibition of the BMP pathway at the optic vesicle stage by overexpression of the BMP antagonist, gremlin, showed an increase in apoptosis (8) , whereas inhibition of the BMP pathway later in eye development, during optic cup formation, showed a decrease in apoptosis (10) . Likewise, a conditional mutant mouse lacking both copies of BMPRIA and BMPRIB showed that proliferation in the retina is unaffected by the decrease in BMP activity early in development, but decreases proliferation later in development (9) , indicating the context is important for the observed effects.
Inhibition of p-p38 Activity Allows Maintenance of RCAS BMPRIA-
Induced Regeneration. Because activation of p38 by BMP is associated with an increase in apoptosis (20, 21) , we hypothesized that the activation of p38 by RCAS BMPRIA resulted in an increase in apoptosis, and this result was the reason the regenerated retina was not maintained beyond 3d PR in these eyes. To test this hypothesis, we performed retinectomies at E4 and added RCAS BMPRIA ϩ SB20350, an inhibitor that prevents p-p38 from activating its downstream targets. We collected the eyes 7d PR and processed them for histology and immunohistochemistry.
In contrast to the reduction in regeneration seen at 7d PR in eyes treated with RCAS BMPRIA, compared with eyes treated with FGF2 ( Fig. 2 B and D) , eyes treated with RCAS BMPRIA ϩ SB20350 (n ϭ 6) showed a significant increase in regeneration over what is observed in eyes treated with RCAS BMPRIA or FGF2 (P Ͻ 0.05 for the increase in regeneration with RCAS BMPRIA ϩ SB20350 and for the decrease in regeneration with RCAS BM-PRIA alone, compared with FGF2) (Fig. 4 B-F) . TUNEL analysis also showed that there was no apoptosis occurring in eyes treated with RCAS BMPRIA ϩ SB20350, compared with the low level of apoptosis in eyes treated with FGF2 and the high level of apoptosis in eyes treated with RCAS BMPRIA (Fig. 4 G-I ). This finding supported our hypothesis that the activation of p38 by RCAS BMPRIA caused an increase in apoptosis and subsequent loss of the regenerated retina.
BMP Regulates the FGF Pathway. Our results have shown that BMP and FGF were both necessary for retina regeneration. We wanted to determine whether there was cross-talk between these two pathways during the induction and process of retina regeneration especially because ectopic FGF2 enhanced the effect of RCAS BMPRIA at 3d PR. To determine this notion, we isolated the CM containing RS/RPCs from the anterior region of developing chick eyes at E4, E7, and E11 corresponding to the time of rectinectomy, 3d PR, and 7d PR respectively. We incubated the CM explants with BMP4, BMP4 ϩ PD173074, FGF2, or Noggin ϩ FGF2. We then determined the level of phosphorylated ERK (pERK) (a downstream effector of FGF signaling) (22) as well as pSMAD and p-p38 by Western blot analysis for each treatment group. ImageQuant software was used to determine the ratio of the active to inactive protein to show the level of activation for each treatment. The Western blots used for quantitation are shown in SI Fig. 12 .
BMP activated Smad at E4 and E7 and p38 at E11 (Fig. 5  A-C) , agreeing with the results shown in Fig. 4A . In addition to activation of Smad at E4 and E7, BMP also activated ERK, but this activation depended on a functional FGF pathway as shown by the lack of ERK activation when BMP and PD173074 were added together (Fig. 5 A and B) . However, at E11, BMP decreased the level of pERK while activating p38 independent of the FGF pathway (Fig. 5C ). p38 also can be activated through the FGF pathway (22) . In our retina model, FGF2 alone activates p38 at E4 and E7 (Fig. 5 A and B) , whereas BMP4 activates p38 at E11 (Fig. 5C ). These results suggest that BMP-induced apoptosis depends on p38 and the down-regulation of the FGF pathway, which is known to elicit survival signals especially through the activation of AKT (22) . We examined the level of pAKT in E11-treated explants. In these ciliary explants, incubation with BMP4 or BMP4 ϩ PD173074 resulted in no activation of AKT, whereas incubation with FGF2 or noggin ϩ FGF2 resulted in a significant increase in AKT activation (Fig. 5D) . Therefore, the activation of AKT in eyes treated with FGF2 could account for the low level of apoptosis observed in these eyes. However, the low level of pAKT in untreated E11 CM explants suggest other mechanisms work with BMP to regulate this arm of the FGF pathway. This finding is not surprising because apoptosis normally occurs during this stage of retina development (23) .
These results suggest that the BMP pathway regulates the FGF pathway during retina regeneration from the CM. To further confirm this finding, we performed real-time RT-PCR by using RNA isolated from E7 and E11 BMP4-treated ciliary explants and examined the expression levels of FGFR1 and FGFR2. We found that BMP increased expression of FGFR1 and FGFR2 in E7 explants (P Ͻ 0.010 for FGFR1; P Ͻ 0.05 for FGFR2) and decreased expression of both FGFR1 and FGFR2 in E11-treated explants (P Ͻ 0.001 for FGFR1; P Ͻ 0.05 for FGFR2) (Fig. 5E) . We concluded that the BMP pathway may regulate the FGF pathway during retina regeneration by controlling the expression levels of FGF receptors.
Conclusion
In this study, we found that BMP is sufficient and necessary for the induction of retina regeneration from RS/RPCs present in the CM of the embryonic chick. The BMP pathway directs the process of retina regeneration by differentially activating the canonical (Smad) and noncanonical (p38) pathway, as well as regulating the FGF pathway in a stage-specific manner. Initially, the BMP pathway activates Smad and directs FGF-dependent activation of ERK by increasing the expression of FGFR1 and FGFR2, resulting in proliferation and differentiation. As regeneration proceeds, the BMP pathway down-regulates FGFR1 and FGFR2 and activates p38, instead of Smad regulating apoptosis at this stage. A possible model depicting the role of BMP during the early and late stages of regeneration is represented in Fig. 6 .
Activation of RS/RPCs in higher vertebrates requires proper regulation of proliferation, differentiation, and apoptosis to adequately regenerate a functional retina. Our studies pinpoint a fundamental role of BMP pathway in these processes. Extension of these studies to include the networking with other pathways will eventually lead to an understanding of the molecular mechanisms that lead to induction of retina regeneration.
Materials and Methods
Surgical Procedure. White Leghorn chicken eggs were purchased from Ohio State University (Columbus, OH) and incubated in a 38°C rotating incubator. Surgeries were performed as described (14) .
In Vivo Treatments. For proliferation studies, 1 l of a 10 mM solution of BrdU or 10 l of a 100 mM solution of BrdU was injected over the eye of the embryo 1 h before collection. Replication-competent RCAS (A) retroviruses engineered to express a constitutively active form of BMPRIA (24) (also described in SI Materials and Methods), GFP, or noggin were produced and injected as described (14) . Beads containing FGF2, SB20350 (p38 inhibitor; BioChem), or PD173074 (FGFR inhibitor; Pfizer) were prepared as described (16) . See SI Materials and Methods for how eyes were fixed for each procedure and processed for histology, immunohistochemistry, and TUNEL.
Immunohistochemistry. Details of antibodies and immunohistochemistry are provided in SI Materials and Methods.
In Situ Hybridization. Probes were prepared from plasmids containing BMP4, BMPRIA, BMPRII, and noggin, and in situ hybridization was performed as described (3).
TUNEL. TUNEL was performed by using the in situ cell death-detection kit TMR-red (Roche Applied Sciences).
Quantification. ImagePro Plus software was used for all quantitative analyses. More details are described in SI Materials and Methods. Student's t test was used to determine statistical significance. Error bars represent SEM.
In Vitro Explants. In vitro explants, Western blot analysis, and real-time RT-PCR was performed as in ref. 16 with the following treatments: 10 g/ml FGF2 (R&D Systems), 1-2 g/ml BMP4 (R&D Systems), 60 ng/ml noggin (R&D Systems), and/or 2.5 M PD173074 (Pfizer). Densitometry measurements were determined by using ImageQuant 5.2 software. Relative mRNA expression levels were determined by using the Pfaffl method (25) . Three different biological samples were assayed for each treatment group to confirm results.
Fig. 6.
Model depicting the role of BMP in the induction of retina regeneration.
